The roles of the basal ganglia (BG) in motor control are much debated. Many influential hypotheses have grown from studies in which output signals of the BG were not blocked, but pathologically disturbed. A weakness of that approach is that the resulting behavioral impairments reflect degraded function of the BG per se mixed together with secondary dysfunctions of BG-recipient brain areas. To overcome that limitation, several studies have focused on the main skeletomotor output region of the BG, the globus pallidus internus (GPi). Using single-cell recording and inactivation protocols these studies provide consistent support for two hypotheses: the BG modulates movement performance ('vigor') according to motivational factors (i.e. context-specific cost/reward functions) and the BG contributes to motor learning. Results from these studies also add to the problems that confront theories positing that the BG selects movement, inhibits unwanted motor responses, corrects errors on-line, or stores and produces well-learned motor skills. 
Introduction
What are the functions of the Basal Ganglia (BG)? Despite decades of intense study and mushrooming volumes of experimental results, the question is still widely debated. Indeed, there sometimes seem to be as many hypotheses as there are groups working on the subject. Among the most influential hypotheses, one may cite: selection of action and suppression of potentially competing actions and reflexes [1] [2] [3] , control of the scale of movement and related cost functions [4 ,5 ,6 ], on-line correction of motor error [7, 8] , motor learning [9, 10, 11 ], and the retention and recall of well-learned or natural motor skills [10, 12, 13, 14 ]. Note that this list is neither exhaustive nor are all of the hypotheses mutually exclusive. These hypotheses are elaborated in the references cited above. The present review summarizes recent experimental results that, in our opinion, buttress a subset of the hypotheses and add to the list of difficulties that challenge many of the others.
Function versus dysfunction
The desire to understand normal functions of the BG is driven, partly, by the many neurologic and psychiatric disorders associated with pathology or abnormality within the BG. [4 ,19] , consistent with the fact that surgical ablation of large portions of the GPi ('pallidotomy') is an effective treatment for striatal-associated disorders such as PD and dystonia [20, 21, 22 ].
Together, these observations can seem paradoxical. BGassociated disorders arise primarily from pathology in the principal input nucleus, the striatum, and can be alleviated by lesions of a BG output nucleus. The seeming contradiction can be explained by the concept that it is better to block BG output completely than allow faulty signals from the BG to pervert the normal operations of motor areas that receive BG output [15] . Abnormalities in striatal function, whether from frank lesions [23, 24] or neurotransmitter imbalance [25] [26] [27] , induce grossly abnormal 'pathologic' patterns of neuronal activity in the inhibitory output neurons of the BG. These abnormal firing patterns are thought to disrupt the normal operations of BG-recipient brain regions. Although the actual mechanisms mediating that disruption remain to be determined, one possibility supported by biologically realistic computational models [28 ,29 ] is that pathologic firing patterns in BG-thalamic afferents degrade the ability of thalamic neurons to transmit information reliably. In this way, pathologic BG output may block effective cortico-thalamo-cortical communication [30] . In agreement with this idea, therapeutic deep brain stimulation (DBS) within GPi or the subthalamic nucleus (source of excitatory input to the BG output nuclei, GPi, and SNr; Box 1) has been shown to reduce pathologic firing patterns in BG efferent neurons [31, 32] . Moreover, the therapeutic efficacies of different forms of DBS (stimulation at different frequencies and degrees of regularity) correlate well with their ability to restore the fidelity of cortico-thalamic communication in computational models [29 ] . Results from functional imaging studies are also consistent with this idea. Pallidotomy and DBS normalize patterns of brain activity in non-BG brain regions [33, 34] . Abnormalities in GPi activity also change toward normal firing patterns during effective pharmacotherapy [35] .
In summary, growing evidence suggests that the therapeutic efficacy of pallidotomy, and of DBS as well most
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Box 1 Basal Ganglia Anatomy
Two organizing principles guide our understanding of the roles of the BG in the control of movement and other aspects of behaviors. Recent advances corroborate the overall validity of these classical concepts. (For detailed reviews of BG anatomy see ( [1] and [104] ).) First, all regions of the BG share a common basic circuit plan (Box 1, Figure a) . The striatum, principal input nucleus of the BG, receives massive excitatory inputs from most cortical areas and from particular thalamic nuclei (the intralaminar nuclei, primarily). Direct and indirect pathways through the BG originate in the striatum and converge ultimately in the primary output nuclei of the BG, the globus pallidus internus (GPi) or the substantia nigra reticulata (SNr). In a major recent advance, years of debate have been resolved by confirmation that the direct and indirect pathways originate from biochemically distinct and morphologically distinct types of striatal projection neurons [97 ,105] . Consistent with the classical model, direct and indirect pathway neurons of the striatum express D1-type and D2-type dopamine receptors, respectively. It has also become clear, however, that neurons of the direct and indirect pathways collateralize far more than proposed in classical models [106] or summarized here. The second major source of input to the BG arises from excitatory projections from the frontal cortices to the subthalamic nucleus (STN). The principal output pathway from the BG consists of GABAergic projections from the GPi and SNr, which tonically inhibit targets in the thalamus and brainstem. Second, parallel 'loop' circuits from cortex, through the BG, thalamus and back to cortex mediate distinct motor, associative, and limbic functions (Box 1, Figure b) . Different regions of the striatum, GPe, and STN are devoted to these different functions. The circuit that projects to the motor cortices (i.e. the 'skeletomotor circuit') passes through a posterior-ventral region of GPi. Circuits sending information to prefrontal 'associative' cortical areas occupy more anterior and dorso-medial regions of the GPi and portions of the SNr. Limbic circuits pass primarily through the SNr. Debate continues on the degree to which information is shared between functional circuits. For example, a recent study showed that subregions of the BG circuit that projects to the primary motor cortex receives inputs from limbic cortical areas [107] , thereby opening the possibility for relatively direct communication of motivation-related information to motor cortex. The general concept that anatomically segregated circuits through the BG contribute to different aspects of behavior has been confirmed in recent years by a series of studies showing that pharmacologic activation of different functional circuits elicits behavioral disorders consistent with the circuit being activated [108 ] . The existence of multiple closed loop circuits makes it clear that the BG contributes not only to the control of movement, but also to functions such as executive control, working memory, and motivation. The parallel circuit architecture and the common basic design of each circuit has led many to propose that different circuits perform analogous operations on different types of information. For this reason, understanding the operations of one circuit (e.g. how the skeletomotor circuit transforms the information it receives) is likely to shed light on the operations performed by other BG circuits as well.
Box 1 Figure
Circuit diagrams of the BG and associated input-output connections. (a) The positions of key BG structures involved in skeletomotor control and their basic input-output connectivity superimposed on a parasagittal section through the macaque brain. The basic loop circuit includes an excitatory glutamatergic (Glu) projection from the neocortex to the striatum (caudate nucleus and putamen) and then inhibitory (g-amino butyric acid-containing; GABAergic) striatal projection (the 'direct pathway') to the internal globus pallidum (GPi). GABAergic neurons in GPi project to targets in the thalamus and brainstem. The main thalamic target of this circuit (VA/VL, ventral anterior/ventrolateral nucleus of the thalamus) projects to the frontal cortex including parts of the premotor and primary motor cortex. (b) Internal connectivity of the BG motor circuit (front subpanel) showing principal pathways only. Direct and indirect pathways start in projection neurons of the putamen (part of the striatum) that express D1-type and D2-type dopamine receptors, respectively. D2-type neurons project to the external globus pallidus (GPe). GPe projects to the subthalamic nucleus (STN) and GPi. STN also receives monosynaptic Glu input from the motor cortices and projects to GPi and GPe. GPi sends GABAergic projections to VA/VL and the centre median-parafascicular intralaminar complex (CMPf) of the thalamus. CMPf closes another loop by projecting back to the striatum. GPi also projects to brainstem regions such as the pedunculopontine nucleus. Dopaminergic (DA) neurons of the substantia nigra pars compacta (SNc) innervate the striatum and, less densely, the GP and STN. Successive subpanels represent the parallel BG circuits that subserve oculomotor, associative, and limbic functions. Note that these circuits pass through anatomically distinct regions at each stage, including different regions of the STN and thalamus (not shown in figure) .
probably, comes from its ability to block the spread of pathologic activity from the BG to other brain regions. A corollary of this insight is that many of the symptoms of BG disorders, and the behavioral sequelae of experimental manipulations of the striatum, represent dysfunctions of BG-recipient brain regions rather than 'negative images' of normal BG functions. This view runs contrary to a frequent assumption that the primary problem in these disorders is loss of normal BG functions (i.e. loss or corruption of the normal task-related information transmitted through the BG). As a consequence, it is difficult to infer normal functions of the BG accurately from the behavioral impairments that accompany clinical disorders or experimental manipulations of the striatum. The possibility that a subset of clinical signs may reflect normal BG functions is considered below.
Timing and characteristics of BG output signals
The loop organization of BG-thalamocortical circuits makes it difficult to disentangle the relative roles of different stages of the circuit. One productive approach to this problem has been to investigate how the BG circuit 'transforms' the information it receives from cortical and thalamic inputs. Ultimately, this amounts to determining the nature and timing of information encoded in the activity of BG output neurons. Current understanding regarding this point can be summarized as three key facts about the BG circuit devoted to skeletomotor function.
First, movement-related changes in firing in GPi are almost always influenced by specific characteristics of a movement such as its direction, amplitude, and speed (i.e. movement kinematics) ([36] , and references therein). However, motor activity in GPi neurons is also often influenced by the context of the behavioral task being performed. Single-cell responses in GPi can differ depending on the memory requirements of a task [37] , whether the movement is discrete or part of a movement sequence [38] , the reward contingencies of the task (i.e. whether or not a primary reward is expected to follow the movement [39] ), and the learning context [40] . Similar influences of behavioral context have been observed in the oculomotor circuit in animals performing eye movement tasks [3] . These observations suggest that the BG motor circuit is not involved directly in movement execution, but rather that it brings cognitive and motivation-related signals together with signals related to movement kinematics [37] .
Second, during the performance of a choice reaction time task, peri-movement changes in neuronal activity begin later in the striatum and globus pallidus than in connected regions of cortex. In GPi, for example, onset latencies of peri-movement changes in neural firing are typically clustered around the time of earliest agonist muscle activity ('EMG'; 50-80 ms before movement onset; see [36] for references) and after the activation of primary motor cortex ($120 ms before movement). Interestingly, peri-movement increases in GPi firing have later onset times than peri-movement decreases [36], a point that will be revisited later. The timing of movement-related activity in GPi makes it impossible for GPi output to contribute to processes that are completed before the initial activation of a movement's prime moving muscles (e.g. selecting which agonist muscles to activate or triggering their activation). Based on timing, GPi activity may modulate the ongoing commands issued by BG-recipient motor control centers.
Third, movement-related changes in discharge consist of an increase in firing in 60-80% of GPi neurons (the exact percentage varying between behavioral tasks) [36, 41] . Given that increases in GPi firing inhibit activity in recipient motor control circuits, this observation has been cited as evidence that an important function of output from the BG motor circuit is to suppress or inhibit patterns of motor activity and reflexes that would be inappropriate or in conflict with the movement being performed [1] [2] [3] . The late timing of peri-movement GPi activity, particularly that of increases in firing [36], appears to conflict with that concept. To be more specific, the rest activity of antagonist muscles [42, 43] and the gain of reflexes that might interfere with a desired movement [44, 45] are suppressed tens of millisecond before activation of a movement's prime moving muscle. At the cortical level, suppression of potentially competing activity patterns also begins before the initial activation of agonist muscles [46, 47] . Thus, the known inhibitory processes that contribute to movement selection begin too early to be mediated by output from the BG. Cortical mechanisms may mediate most aspect of movement selection [6 ,48] . A potential role for GPi movement-related activity in the control of movement vigor is discussed below.
Interrupting BG output
A complementary approach to disentangling BG functions is to determine what aspects of motor behavior are impaired and, just as importantly, spared following transient inactivation or permanent lesion of the GPi. Because the GPi is the principal output nucleus for the BG skeletomotor circuit, inactivation of the skeletomotor region of the GPi essentially disconnects the BG from the rest of the motor control apparatus (Box 1). Several studies over the past three decades have investigated the effects of GPi inactivation on motor performance in neurologically normal animals [4 , [49] [50] [51] [52] [53] [54] 55 ]. Although very different motor tasks were used and minor disparities were sometimes noted [4 ] , results from these studies are surprisingly consistent. Overall, they reveal a relatively discrete group of deficits and a wide range of preserved functions. Five points are particularly noteworthy. Second, GPi inactivation does not perturb on-line error correction processes [4 ] or the generation of discrete corrective submovements in a single-joint movement task [52] . These findings are consistent with the observation that rapid hand-path corrections are preserved in PD patients [56] , but present challenges for the idea that the BG mediates the on-line correction of motor error [7, 8] . perform four out-and-back reaching movements in quick succession toward four possible target locations. The targets were either chosen at random with replacement (Random) or presented in an immutable, completely predictable order (OverLearned). Before GPi inactivation, the animals practiced both tasks for 6 months and more than 50,000 trials. At the end of this intensive training, task performance was very different for the two experimental conditions. Under the Random condition, the animals stopped after each movement and a standard RT ($190-ms) was observed following presentation of each target. Under the OverLearned condition, there was little or no pause between component movements of the sequence and, in a majority of trials, RTs were clearly predictive (<100-ms) or even negative (i.e. initiated before target presentation). Transient inactivations in the skeletomotor territory of GPi using muscimol, a GABA A agonist, impaired specific facets of motor performance (see below), but had absolutely no effect on sequencing-related aspects of task performance. In particular, GPi inactivation did not affect an animal's ability to chain independent movements together in quick succession (under the Random condition) or to reproduce an OverLearned sequence as a fluid predictive arpeggio. Importantly, GPi inactivation did not alter the animals' habit-like tendency to reproduce the OverLearned sequence as a predictive whole when, by coincidence, the initial targets of a Random trial matched the OverLearned sequence. These results are consistent with a previous study showing that GPi blockade does not impair the reach-to-retrieval transition in a simple reachgrasp-and-retrieve task [54] . They also agree with reports that pallidotomy does not impair the execution of welllearned motor skills in patient populations [21, 22 ] and the consistent observation that lesions of the BG homolog in the song-bird have little impact on the execution of already-learned song sequences [9] . By contrast, these finding contradict claims, based on neuroimaging and clinical evidence, that the BG is involved in the longterm storage of overlearned motor sequences [13] or the ability to string together successive motor acts [56] .
Fourth, GPi inactivation reduces movement velocity and acceleration. This is, without a doubt, the most consistent impairment found across studies [4 ,49,51,53,54 ,55 ] (Figure 1e ). This slowing mirrors the bradykinesia commonly observed in PD patients [57 ] . It is interesting to note that bradykinetic-like slowing has also been observed as a sequela of pallidotomy in previously nonbradykinetic PD patients [58] and as a common sideeffect of DBS of the GPi for dystonia, HD or Tourette's syndrome [59, 60 ]. An earlier study in neurologically normal monkeys showed that DBS-like stimulation of the GPi slows movement and reduces the magnitude of movement-related EMG without affecting movement accuracy or the sequential organization of agonistantagonist activity [49] . Opinions still differ on whether inactivation-induced slowing arises primarily from increased muscle co-contraction [51, 53] , consistent with the suppression hypothesis, or an underscaling of the motor commands sent to the muscles [4 ,49] .
Fifth, for fast targeted movements, GPi inactivation causes a marked hypometria (undershooting of the desired movement extent, Figure 1e ) that is a consistent across directions of movement but is not accompanied by changes in movement linearity or directional accuracy [4 ,53] . The degree of hypometria induced by an inactivation correlates closely with early markers of movement slowing (peak velocity, acceleration, and agonist EMG) [4 ] . A similar form of global hypometria with no directional bias is observed in PD patients [61, 62] . These results present challenges for the suppression hypothesis in which movement-related increases in GPi activity are proposed to inhibit competing motor commands and reflexes [51, 54] . It is difficult to conceive of a general disturbance in motor command selection or muscle agonist/antagonist balance that would affect movement extent and speed equally for all directions of movement, but have no effect on the initial direction of movement, hand-path curvature, or final directional accuracy [4 ,53] .
BG and movement gain
Many of the observations summarized above can be explained by a classic and seemingly simplistic concept that the BG regulates the speed and size of movement (i.e. 'movement gain' [49, 63] [65] ). Divining the functional significance of this impairment is complicated, however, by the difficulties of inferring normal functions of the BG from clinical disorders of the striatum (see above).
The movement gain hypothesis has been rejuvenated by a convergence of results from theories of motor control [6 ] , studies of motivation and decision-making in rodents [66] , and new insights into the motor impairments associated with BG disconnection [4 ,5 ,55 ] . A series of single unit recording studies provided evidence consistent with the gain hypothesis by showing that movementrelated activity in the pallidum is frequently correlated with the amplitude or velocity of limb movements (see [37] , and references therein), although not all studies supported that conclusion (e.g. [67] ). Corroborating evidence has come from a remarkable number of neuroimaging studies in healthy humans demonstrating close relationships between brain activation in skeletomotor regions of the BG and gain adjustments or adaptations for a variety of different motor tasks and end effectors (for Figure 2 and [68 ,69,70 ,71] ). Together, these studies provide evidence that activity in the BG skeletomotor circuit encodes information related to motor gain. It is important to recognize, however, that this encoding is not exclusive in that activity in the circuit encodes other behavioral and sensory dimensions as well (e.g. [8, [37] [38] [39] 67] ). Furthermore, recording and imaging approaches are correlative and provide little insight into how information encoded in the BG is used by downstream BG-recipient centers. Thus, complementary experimental approaches are required.
An independent line of evidence regarding the gain hypothesis originates from behavioral observations that, at certain stages of motor planning, 'movement gain' (the extent and speed of movement in a given workspace) is controlled independently of movement direction ( [72, 73] , and references therein). Consistent with those observations, current models of motor control recognize the need for a mechanism that identifies optimal balances between the 'costs' of movement (e.g. physical work, elapsed time, and control complexity) and the rewards available in a given behavioral setting [6 ,74] . Motor cost terms, which scale with velocity, amplitude, and other aspect of motor performance, may link an animal's previous experience of the cost/benefit contingencies of a task [75] to its current allocation of energy to meet the demands of a specific task [57 ,66] . We and others have conjectured that a breakdown in that link would yield motor impairments similar to those observed following GPi inactivation [4 ,6 ] . In essence, the BG motor circuit may compute and store cost functions that modulate motor performance based on an animal's previous experience of the requirements of a task and the rewards available.
This role for the BG motor circuit is consistent with an emerging view that the BG as a whole, including its dopaminergic innervation, regulates action motivation or response 'vigor' [66, 75] . Limbic circuits of the BG, Activity in skeletomotor regions of the BG correlates closely with movement gain (extent and velocity). (a) Healthy human subjects performed a continuous visuo-manual tracking task by moving a hand-held joystick (black traces illustrate representative performance of one subject) to follow constant-velocity displacements of an on-screen target (gray traces). The extent and velocity of hand movements differed between scans by training subjects during periods between scans on one of four different joystick-to-cursor scaling factors. (b) Areas of increasing cerebral blood flow (CBF) with increasing movement gain are shown in orange-yellow (P < 0.001 uncorrected). Significant changes were identified at only three sites: left dorsal putamen (upper panel), right dorsal putamen (middle panel), and right cerebellum (lower panel). (c) Brain activity (normalized CBF mean AE SEM) increased monotonically with movement extent at the identified sites in the BG and cerebellum. Adapted from [71] with copyright permission from the American Physiological Society.
for example, have been implicated in the appropriate scaling of a subject's rate of responding or choice of effortful responses to match the cost/benefit tradeoff of a task [76, 77 ]. This idea is supported further by observations that focal damage in the BG is often accompanied by abulia or 'auto-activation deficit' in which patients suffer from a marked deficit in motivation to perform spontaneous acts despite an absence of overt motor impairment [78] . Schmidt et al. [5 ] provided a striking demonstration of this disorder by showing that patients with bilateral lesions of the putamen or pallidum are able to control grip forces normally in response to explicit sensory instructions, but do not increase grip force spontaneously despite full understanding that higher forces will earn them more money. The authors concluded that BG lesions specifically block the influence of task incentives on movement vigor.
From this perspective, parkinsonian bradykinesia and hypometria become candidates for the subset of motor signs that actually do reflect normal functions of the BG (unlike, e.g. akinesia). Building on this idea, Mazzoni et al.
[57 ] presented evidence that PD patients are capable of moving as fast as healthy subjects, but that they implicitly prefer to move more slowly, thereby expending less energy. Mazzoni et al. concluded that parkinsonian bradykinesia reflects an impairment in the link between motivation and the control of movement gain (e.g. 'movement vigor,' [57 ]). Alternate accounts, such as the proposal that parkinsonian bradykinesia is a byproduct of selective impairment of internally generated movements [79] , are not supported by recent studies showing that sensory cues and urgent conditions increase movement speed equally in healthy subjects and PD patients [70 ,80] . Parkinsonian subjects in these studies were systematically slower than healthy subjects across all conditions, suggesting that the link between motivation and movement gain is weakened universally in PD, irrespective of other aspects of the behavioral context. The slowing and hypometria induced by experimental inactivation of GPi are similarly immune to many aspects of behavioral context (e.g. differences in memory contingency and sensory cueing [4 ,53,55 ] ).
The hypothesis that BG modulates movement gain has been challenged on the grounds that movement-related activity in the striatum and globus pallidus begins later than activity in motor regions of cortex [15] . Both psychophysical [81, 82] and electrophysiological [83, 84] evidence suggests, however, that movement gain can be modulated after the earliest stages of movement initiation. Furthermore, electrical stimulation of the GPi can modify the speed of reaching movements even when stimulation is delivered solely at the time of agonist EMG onset (i.e. at latencies similar to those of movement-related GP activity [49] ). Thus, the latencies of movement-related activity in the GPi may be appropriate for a role in modulating movement gain. BG output may exert its scaling influence both at the cortical level (via thalamo-cortical pathways) and at brainstem and spinal motor centers via descending outputs from GPi (Box 1).
BG and learning, but not retention
Growing evidence suggests that the connectivity and physiology of the BG is ideally suited for fast 'directed' formation of reward-relevant associations, which over the course of practice train slower Hebbian learning in thalamocortical circuits [7, 85 ] . This view predicts that BG circuits are intimately involved in and necessary for new skill learning, but are of far less importance in the retention and recall of well-learned motor skills. This view constitutes a major revision of the long-standing and highly influential theory that memory traces underlying motor skills are stored long-term in the BG [14 ,86] . The general concept that the BG and its dopaminergic innervation play central roles in many different forms of learning is noncontroversial and supported by a vast literature (for recent reviews, see [10,14 ,87] ). This section focuses on evidence related to the concept that BG circuits may be involved selectively in reward-driven acquisition, but not in long-term retention or recall of well-learned motor skills.
Single unit recording studies have demonstrated major changes in neuronal activity in the BG as animals learn procedural tasks [88] [89] [90] , and a few of these studies provided evidence that learning-related activity appears earlier in the course of learning in the striatum than in connected regions of cortex [89, 90] . Importantly, several reports have indicated that, after a motor skill becomes well-learned, the prevalence of task-related activity in the motor striatum declines and neuronal response latencies shift to follow movement onset (see [91 ] for references). These studies suggest that the BG motor circuit is activated preferentially during the learning process. Note that some task-related activity is still present in the BG in overtrained animals [38, 88, 91] thereby suggesting either that BG activity is not involved solely in learning or that a certain degree of learning persists even in overtrained animals.
As mentioned earlier, pallidotomy is an effective therapy for PD and dystonia with few deleterious side-effects [21, 22 ], even following bilateral surgery [20] . One of the sequelae most consistently associated with pallidotomy is an impaired ability to learn new motor sequences [22 ,92] and arbitrary stimulus-response associations (e.g. [93] ). An important but often overlooked point is that pallidotomy does not degrade, but typically improves, a patient's ability to perform overlearned motor skills such as grooming, dressing, and handwriting (many of which are assayed by the 'activities of daily living' scale, see pallidotomy references above). Given that pallidotomy produces large well-localized lesions centered on the motor territory of
GPi, these studies provide some of the best evidence that BG output is necessary for motor skill learning, but not for the retention and recall or well-practiced skills.
Combined with the observation that transient inactivation of the GPi does not degrade the performance of well-learned skills in neurologically normal animals [4 ,55 ], these observations suggest that the BG functions as a kind of tutor, being important for learning, but not for storage or recall of already-learned information. It is likely that the motor cortices play a central role in the long-term retention and recall of skills based on the evidence for slow synaptic modification [94] , the emergence of task-specific activity [95] , and even macroscale reorganization at the cortical level [96] in response to long-term training on a skill. This concept fits well with the idea that the responses of nigrostriatal dopamine neurons mediate fast reinforcement-driven synaptic plasticity in the BG [97 ] . Cortical plasticity appears to be inherently slower than striatal plasticity because it is insensitive to phasic dopaminergic training signals and thus governed by Hebbian learning rules [98] . Long-term retention at the cortical level may bring advantages, however, owing to greater processing efficiency (i.e. lower conduction times and numbers of synaptic delays [85 ] ). Disconnection of the BG homolog in the songbird blocks the expression of newly acquired song adaptive changes. (a) The bird anterior forebrain pathway (AFP) contains homologs to most structures of the mammalian BG. Output from the AFP affects motor execution pathways via the premotorlike LMAN nucleus. Andalman et al.
[11 ] perturbed singing selectively using a head-mounted microphone and speaker system. (b) White noise perturbations were delivered when the fundamental frequency of one song syllable ('Targeted region') crossed a specific pitch threshold (red vertical lines, middle panel). The white noise burst grossly altered the song heard by the animal (bottom). On different days, the noise perturbation either targeted pitches above the mean syllable frequency ('Down days', illustrated in (b)) or pitches below the mean ('Up days', not shown). (c) Tetrodotoxin (TTX) was infused into LMAN bilaterally using the reverse microdialysis technique. (d) Before TTX infusion, animals responded to noise perturbations by progressively changing the fundamental frequency of the targeted syllable so as to avoid the perturbation. TTX infusion resulted in an immediate loss of that adaptive change. (e) Infusion of vehicle alone had no effect on noise-avoiding adaptive changes. (f, g) TTX infusions caused rapid maladaptive changes in the targeted syllable's fundamental frequency (i.e. an increase in pitch on 'Down days' and a decrease on 'Up days'). Adapted from Figures 1 and 2 of [11 ] with permission from the authors and the National Academy of Sciences.
A tutor-like role for the BG is also supported by research on the neural basis of song learning in birds. The song behaviors of birds bear many similarities to the sequential motor skills of mammals [99] and homologs have been identified in the bird anterior forebrain pathway (AFP, Figure 3a ) for most components of the mammalian BGthalamocortical system [100] . Of greatest significance here, disconnection of the AFP completely blocks a young bird's ability to learn a new song, but the same lesion has virtually no effect on an older bird's ability to execute well-learned 'crystallized' songs [9] . AFP lesions or stimulation in adults, while not disrupting song production, do interfere with experience-dependent plasticity of song [11 ,101 ] . In a recent example of this, Andalman et al. [11 ] , showed that tetrodotoxin (TTX)-induced disconnection of the AFP blocks the expression of adaptive changes to a song that are newly acquired (i.e. within hours of acquisition, Figure 3b-g ), but has little effect on adaptive changes after $24 h. The authors hypothesize that learned changes in song are represented initially in the AFP, but become incorporated into motor execution pathways by $24 h post-learning. Other recent studies suggest that the AFP promotes song learning by introducing variability in song performance [101 ] that drives plasticity at the cortical level [102] .
To summarize, multiple lines of evidence indicate that the BG promotes new skill learning, but that other parts of the brain (cortex in particular) take over the storage and production of well-practiced skills. The unique neuromodulatory milieu of the striatum provides an ideal substrate for rapid reinforcement-driven plasticity, but cortex is better suited for long-term retention and execution. The tutor-like role proposed for the BG in skill learning is analogous the role proposed for medial temporal areas in the acquisition of declarative memories, but not their long-term storage [103] .
Conclusions
Over the past three decades, a remarkable range of motor functions has been proposed for the BG. In this review we suggest that two of those hypotheses stand up particularly well to detailed scrutiny: (1) the specification or communication of cost functions related to movement gain and (2) motor learning. Recent experimental results present serious challenges to alternative hypotheses that the BG is involved in movement selection, inhibition of unwanted motor responses, on-line error correction, or the production of overlearned motor skills. Clearly, additional studies are needed to test and extend the ideas outlined here. In particular, the relationship between cost functions and motor learning requires elucidation. If the motor circuit does regulate specific cost functions related to movement gain, then is the circuit's involvement in learning also restricted to vigor-related cost functions? A more likely alternative is that the BG motor circuit facilitates the learning of a wide gamut of different aspects of motor function, but for overlearned skills such as reaching, most aspects of motor function are controlled at the cortical level and the BG's involvement is restricted largely to the regulation of movement gain. Why the BG maintains preferential involvement in the control of movement gain might be related to the close relationships between movement gain and the often varying costs and benefits presented by different tasks and environments. Another major unanswered question is how fast reinforcement-driven plasticity in the BG might facilitate learning at the cortical level. Ashby et al. proposed that BG-thalamic inputs aid Hebbian learning in cortex by coordinating the co-activation of appropriate pairs of pre-synaptic and post-synaptic cortical neurons [85 ] . Although the general feasibility of these ideas is supported by computational modeling [85 ] , they have yet to be tested empirically.
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